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The fastidious bacterium 'Candidatus Liberibacter', vectored by at least five psyllid species, has so far been associated with economically important diseases of citrus, solanaceous crops, and carrot. Citrus greening disease or Huanglongbing (HLB) is associated with three species of liberibacter, namely 'Candidatus Liberibacter asiaticus', 'Ca. L. africanus', and 'Ca. L. americanus'. 'Ca. L. asiaticus' and 'Ca. L. americanus' are vectored by the Asian citrus psyllid, Diaphorina citri Kumayama, whereas 'Ca. L. africanus' is transmitted by the African citrus psyllid, Trioza erytreae Del Guercio. HLB is the most destructive disease of citrus in many parts of the world, including Africa, Asia, the United States, Mexico, the Caribbean Islands, and Brazil (4, 10, 11) . Zebra chip (ZC), a newly emerging and very destructive disease of potato in the southwestern United States, Mexico, Central America, and New Zealand, is associated with 'Ca. L. solanacearum' (syn. 'Ca. L. psyllaurous') vectored by the potato/tomato psyllid, Bactericera cockerelli (Šulc) (8, 9, 12, (14) (15) (16) 20, 22, 23, 26, 33, 35, 36) . This disease is causing millions of dollars in losses to the potato industry, often leading to the abandonment of entire fields (9, 21, 22, 26, 35) . 'Ca. L. solanacearum' also severely affects several other cultivated and wild solanaceous species (15, 28, 29) . Furthermore, 'Ca. L. solanacearum' has recently been detected for the first time in the carrot psyllid Trioza apicalis Förster and carrot plants damaged by this insect in Finland (20, 24, 25) . T. apicalis is a serious pest of carrots in northern and central Europe, where it can cause up to 100% crop loss. Most recently, a new species of liberibacter designated 'Ca. L. europaeus' was described and detected in pear and the pear psyllid Cacopsylla pyri (L.) in Italy (32) ; this bacterium species apparently behaves as an endophyte in pear rather than as a pathogen.
Development and severity of insect-transmitted plant diseases depend on the interactions between susceptible host plant, pathogen, vector, and a favorable environment. Little is known of environmental factors that influence development of different liberibacter species and symptoms of diseases they cause to their host plants. However, temperature has been shown to significantly affect the development of HLB-associated liberibacter species and disease symptoms (4, 18) . 'Ca. L. africanus' and 'Ca. L. americanus' have been described as heat sensitive, whereas 'Ca. L. asiaticus' appears heat tolerant (4, 18, 30) . This pathogen sensitivity to heat may explain the geographical distribution of these different liberibacter species and their insect vectors as well as the diseases they cause in different parts of the world. Information on the effect of temperature on both 'Ca. L. solanacearum' and 'Ca. L. europaeus' is lacking. Herein, we report results of experiments designed to investigate the effect of temperature on development of 'Ca. L. solanacearum' and ZC potato disease symptoms under controlled laboratory conditions.
Materials and Methods
A series of experiments were conducted in 2009, 2010, and 2011 to evaluate the effects of temperature on development of 'Ca. L. solanacearum' and ZC disease. Potato plants were inoculated with 'Ca. L. solanacearum' by exposing them to liberibacter-infective potato psyllids at various temperatures under laboratory conditions at the USDA-ARS facility in Wapato, WA. Following insect exposure, the plants were maintained at selected controlled temperature regimes in growth chambers, monitored for ZC symptom development, and later tested for liberibacter by polymerase chain reaction (PCR) to confirm infection.
Sources of potato plants and psyllids. Certified pathogen-free potato mini-tubers of the variety Atlantic were obtained from CSS Farms Inc. (Colorado City, CO). This potato cultivar was selected for these liberibacter-inoculation experiments because previous studies (22, 23, 26) indicated that this chipping variety is very susceptible to ZC and is commonly grown in the regions that are severely affected by the disease. The mini-tubers were planted in ½-liter pots (Kord Products) in a greenhouse maintained at 24 to 28°C, 50 ± 5% RH, and 16:8 (L:D) h photoperiod. Growth media used for potatoes consisted of a mixture of 86% sand, 13.4% peat moss, 0.5% Apex time release fertilizer (J. R. Simplot Co.), and 0.1% Micromax micronutrients (Scotts Co.). Growth medium's pH was adjusted to 6.8 through the addition of dolomite lime to optimize tuber germination and growth. Potato plants were in growth stage III (tuber initiation) when used in the experiment, and their height ranged from 15 to 25 cm, so ZC disease symptoms could easily be observed in tubers. The plants were tested for liberibacter by PCR to confirm absence/presence of this pathogen before and after being used in the transmission experiments.
Colonies of liberibacter-infective potato psyllids were established and maintained at the USDA-ARS facility in Wapato, WA from insects collected from ZC-infected potato fields in Weslaco, TX in 2008. The insects were continuously reared on potato plants in a controlled environmental room for several generations. The room was maintained at 29°C, 50% RH, and 16:8 (L:D) h photoperiod. These psyllid colonies are tested for 'Ca. L. solanacearum' on a regular basis, and the infection rate at the time of the experiments ranged between 90 and 100%.
Liberibacter transmission and ZC development experiments. Two series of experiments were conducted and consisted of: (i) briefly exposing potato plants to liberibacter-infective psyllids under greenhouse conditions and then transferring the exposed plants to different temperatures in growth chambers for ZC development, and (ii) exposing potato plants to psyllids for a short period of time in growth chambers set at different temperatures and then transferring the plants to a common temperature regime and monitoring the plants for ZC symptoms.
In the first experiment, potato plants were infested with inoculative psyllids in a greenhouse maintained at 24 to 28°C, 50 ± 5% RH, and a 16:8 (L:D) h photoperiod. Pathogen-free potato plants were individually exposed to potato psyllid adults collected from a liberibacter-infective psyllid colony. Each plant was enclosed in a small hoop cage made of 40-cm metallic flag wires (Gempler's Inc.) inserted into the four corners of the pot to create a frame over the plant (Fig. 1) . The frame was covered with an Econet SF insect screen fabric (USGR, Inc.), and the net was secured to the base of the pot with a cloth-covered telephone cord (Oldphonesworks Inc.) (Fig. 1) . Twenty adult potato psyllids were released into the cage and allowed to feed on the plants for 72 h before being eliminated with insecticide sprays. After insect removal, the plants were uncovered and randomly assigned to one of five growth chambers (Percival Inc.) maintained at one of the following four daily temperature regimes: 12 to 17°C, 20 to 25°C, 27 to 32°C, 32 to 35°C, and 35 to 40°C. This temperature range (12 to 40°C) was selected to increase the chance of plant survival. In addition to temperature, each growth chamber was maintained at 70% RH, light intensity of 300 µmol m -2 s -1 , and a 12:12 (L:D) h photoperiod. The experiment was repeated twice for the 12 to 17°C treatment and 3 times for each of the remaining temperature regimes. During each trial, 13 inoculated plants were transferred in each growth chamber along with 10 control plants that had not been exposed to psyllids, except for the lowest temperature regime in which 9 inoculated plants were used in each trial. The plants were monitored for ZC symptom development and tested for liberibacter by PCR at the end of the experiment to confirm liberibacter infection.
In the second experiment, potato plants were exposed to liberibacter-infective psyllids in three separate growth chambers each set at one the following different daily temperature regimes: 12 to 17°C, 25 to 30°C, and 33 to 37°C. Caution was taken to avoid including extreme high temperatures (higher than 37°C), which could have resulted in high mortality of the psyllids (31, 39) . All three growth chambers were maintained at 70% RH, light intensity of 300 µmol m -2 s -1
, and a 12:12 (L:D) h photoperiod. Six plants were individually inoculated in each growth chamber by exposing each plant to 20 adult psyllids in a similar small hoop cage ( Fig. 1) as described above for 72 h, after which the insects were removed from the plants with insecticide sprays. The experiment was repeated twice for each of the three temperature regimes. After the inoculation process, all of the plants were maintained in one growth chamber at a daily optimum temperature regime of 25 to 30°C, 70% RH, light intensity of 300 µmol m -2 s -1 , and a 12:12 (L:D) h photoperiod. Twelve control potato plants that had not been exposed to psyllids were enclosed in the growth chamber along with the inoculated plants. Similar to the previous experiment, the plants were monitored for ZC symptom development and tested for liberibacter by PCR at the end of the experiment to confirm liberibacter infection.
Liberibacter PCR testing. Plant DNA extraction. Total DNA was extracted from healthy and ZC-infected potato plant tissues by using CTAB buffer extraction (25) . Four hundred milligrams of potato tissue (stem, petioles, and leaf tissues) was macerated with 1 ml extraction buffer (100 mM Tris-HCl, pH 8.0, 50 mM EDTA, 500 mM NaCl, and 10 mM mercaptoethanol) using BioReba sample bags and a Homex 6 homogenizer (Bioreba). Three hundred microliters of macerate was collected and mixed with 80 µl of lysozyme (50 mg/ml in 10 mM Tris-HCl, pH 8.0; Sigma-Aldrich) and incubated for 30 min at 37°C. After incubation, 500 µl of CTAB buffer (2% CTAB, 1.4 M NaCl, 20 mM EDTA, 100 mM Tris-HCl, pH 8.0, and 0.2% mercaptoethanol) was added to the homogenate, and the sample was incubated for 30 min at 65°C. The samples were allowed to sit at room temperature for 3 min, and 500 µl of ice-cold chloroform was added. Samples were vortexed to mix and then centrifuged at 14,000 rpm for 10 min. The aqueous layer was then transferred to a new microfuge tube containing 0.6 volume of isopropanol, and the tube was placed on ice for 20 min to precipitate DNA. DNA was recovered by centrifugation as described above. The pellet was washed with ice-cold 70% ethanol and centrifuged at 14,000 rpm for 2 min, and the pellet was air-dried. The pellet was resuspended in 100 µl of sterile water and stored at -40°C pending PCR.
PCR detection of 'Ca. L. solanacearum'. Detection of 'Ca. L. solanacearum' was performed with primer pair OA2/OI2c (8, 14, 15, (27) (28) (29) 36) . Briefly, 50-µl reactions contained 1× Green GoTaq reaction buffer (Promega), 100 µM dNTPs, 20 pmol of each primer, 2 µl of DNA extracts, and 1 U of GoTaq Polymerase (Promega). The PCR cycling conditions were 94°C for 2 min followed by 40 cycles at 94°C for 30 s, 65°C for 30 s, and 72°C for 60 s followed by a final incubation at 72°C for 5 min (MJ Research). Ten microliters of the reactions were analyzed by electrophoresis in 1.5% agarose gels, stained with ethidium bromide, and observed under ultraviolet light. Presence of the predicted 1,168-bp 16S rDNA band indicated samples that were positive for 'Ca. L. solanacearum'.
Data analysis. Durations (in days) from plant inoculation with liberibacter-infective psyllids to the onset of ZC symptoms or to plant senescence (death) were compared among the different temperature regimes with survival analysis using chi-square based test statistics. The survival analysis was performed by using the SAS PROC PHREG procedure (34) . The level of significance was set at P = 0.05. Since none of the control plants at each temperature regime developed ZC symptoms, these plants were not included in the statistical analysis.
Results
When potato plants were inoculated with liberibacter under greenhouse environmental conditions and then transferred into growth chambers maintained at different daily temperature regimes, all of the plants maintained at 12 to 17°C, 20 to 25°C, and 27 to 32°C developed ZC disease symptoms and tested positive for 'Ca. L. solanacearum' by PCR (Table 1, Fig. 2 ). Typical ZC plant symptoms were observed and included upward rolling of the top leaves, developing into a basal cupping of the leaflets, accompanied by reddish discoloration, shortened internodes, and leaf scorching (22, 23, 26) . Tuber symptoms were observed as well and included collapsed stolons, brown discoloration of the vascular ring, necrotic flecking of internal tissues, and streaking of the medullary ray tissues (9, 19, 22, 23, 26, 35) . However, none of the plants x Potato plants were exposed to liberibacter-infective potato psyllids in the greenhouse before being transferred and maintained in growth chambers at different temperature regimes. The plants were observed for ZC symptoms and tested for liberibacter by polymerase chain reaction (PCR). y Means followed by the same letter within columns are not significantly different (P > 0.05). z **Since no plant developed ZC symptoms at 32 to 35°C and 35 to 40°C and both inoculated and control plants died at the same time, data for these treatments were not included in the statistical analysis. Also, control plants in each of the remaining three temperature treatments were destroyed 10 days after senescence of all the inoculated plants in the treatment.
Fig. 2. Polymerase chain reaction (PCR) amplification of 'Candidatus
Liberibacter solanacearum' in potato plants exposed to liberibacter-infective psyllids in the greenhouse (24 to 28°C) for 72 h before being transferred and maintained in growth chambers at different temperature regimes for zebra chip symptom development. maintained at 32 to 35°C or 35 to 40°C after liberibacter inoculation with potato psyllids developed above-or belowground ZC symptoms or tested positive for the bacterium by PCR (Table 1 , Fig. 2) . Timing of the onset of ZC symptoms significantly varied depending on the temperature regime (likelihood ratio test; χ 2 = 146.9; P < 0.0001). The ZC plant symptoms appeared sooner at both 27 to 32°C and 20 to 25°C temperature regimes, with an average of 20.7 and 30 days after inoculation with liberibacter, respectively (Table 1) . In contrast, it took much longer for the ZC symptoms to develop at the lower temperature (12 to 17°C), with an average of 73.7 days after plant exposure to liberibacter-infective psyllids (Table 1) . Furthermore, it took about 3 to 4 days for the plants to die after exhibiting ZC plant symptoms at both 20 to 25°C and 27 to 32°C daily temperature regimes compared to the lower temperature (12 to 17°C), at which plants died about 28 days after showing ZC symptoms (likelihood ratio test; χ 2 = 115.2; P < 0.0001). No control plants developed ZC symptoms or tested positive for liberibacter by PCR. The control plants were destroyed 10 days after senescence of inoculated plants for the 12 to 17°C, 20 to 25°C, and 27 to 32°C temperature treatments. These results indicate that optimal multiplication of 'Ca. L. solanacearum' and development of ZC symptoms appear to have occurred at the temperature between 27 and 32°C. At the higher daily temperature regimes of 32 to 35°C and 35 to 40°C, no liberibacter was detected in the inoculated plants and no ZC symptom development occurred; both inoculated and control plants senesced about 45 days after being transferred to the growth chamber.
In the second experiment, in which plants were inoculated with liberibacter at different temperature regimes before being transferred and maintained at the daily optimal temperature of 25 to 30°C, 100% of the plants exposed to psyllids at 12 to 17°C and 25 to 30°C developed ZC symptoms and tested positive for the bacterium, compared to 33.3% of the plants inoculated at the higher daily temperature of 33 to 37°C (Table 2, Fig. 3 ). The ZC symptoms appeared on the plants 18, 21.5, and 24 days after plant exposure to psyllids at 25 to 30°C, 12 to 17°C, and 33 to 37°C, respectively (Table 2) . No statistically significant difference was observed among the different temperature regimes in the length of time it took for the plants to show ZC symptoms after being exposed to inoculative psyllids (likelihood ratio test; χ 2 = 0.0011; P = 0.9735; Table 2 ). Similarly, there was no statistically significant difference in the timing of plant death after plant exposure to psyllids among the three inoculation temperature regimes (likelihood ratio test; χ 2 = 0.0652; P = 0.7985; Table 2 ), and it took an average of 6 days for all the plants to die after the onset of ZC plant symptoms, regardless of the temperature regime they were inoculated at ( Table 2) . None of the control plants showed ZC symptoms or tested positive for liberibacter. Control plants, along with the noninfected plants exposed to psyllids at the highest temperature regime, remained alive for about 90 days.
Discussion
It has been shown that environmental factors, including temperature and relative humidity, have a significant effect on the development and distribution of liberibacter species associated with HLB disease and their insect vectors (4, 18) . 'Ca. L. africanus' that is associated with HLB in Africa has been characterized as heat sensitive, and the disease occurs only in areas in which temperatures remain below 30 to 32°C (4) . Similarly, T. erytreae, the psyllid vector of 'Ca. L. africanus', thrives only in cool environments and is also sensitive to high temperatures combined with low relative humidity (4). In contrast, 'Ca. L. asiaticus', which is transmitted by the psyllid D. citri and is associated with HLB in Asia, North and South America, and several other parts of the world, is heat tolerant, and the disease symptoms develop under humid conditions, in addition to temperatures up to 35°C (4). D. citri has been reported to be heat tolerant as well (4) . On the other hand, HLB in Brazil is associated with 'Ca. L. asiaticus' and 'Ca. L. americanus', both transmitted by D. citri (4, 6, 37) . Recent studies conducted in Brazil (18) showed that 'Ca. L. americanus' behaves similarly to 'Ca. L. africanus' and is heat sensitive, with temperatures at 32°C and above detrimental to this liberibacter species, whereas 'Ca. L. asiaticus' was confirmed heat tolerant and was not affected by temperatures up to 35°C. It was suggested that this heat sensitivity may explain the uneven distribution and spread of the two liberibacter species and HLB disease throughout Sao Paulo State in Brazil where the disease is prevalent (18). y Potato plants were exposed to liberibacter-infective potato psyllids in the growth chambers maintained at different temperature regimes before being transferred and maintained in a growth chamber maintained at optimal temperature (25 to 30°C). Plants were observed for ZC symptoms and tested for liberibacter by polymerase chain reaction (PCR). z Control plants in each treatment senesced about 90 days after being transferred to the growth chamber. Similarly, results of the present study showed that temperature has a significant effect on 'Ca. L. solanacearum' development and ZC symptom expression. Results showed that temperatures at or below 17°C significantly slowed, but did not prevent, liberibacter development, whereas temperatures at 32°C or higher appeared to inhibit the bacterium and ZC symptom development. The optimum development of liberibacter and ZC symptoms in the potato plants was observed at a daily temperature regime of 27 to 32°C (Table  1) . At the higher daily temperature regimes of 32 to 35°C and 35 to 40°C, no liberibacter was detected in the inoculated plants and no ZC symptom development occurred. These results indicate that 'Ca. L. solanacearum' appears to behave like both 'Ca. L. africanus' and 'Ca. L. americanus' when it comes to temperature and should be characterized as heat sensitive as well. This sensitivity of 'Ca. L. solanacearum' to heat may partially explain the incidence, severity, and distribution of ZC in the southwestern United States and other affected countries. For example, southern Texas, one of the ZC hard-hit regions (22, 23, 26) in the United States, generally has a warm climate with average normal temperatures ranging between 20 and 31°C during the potato growing season (December to May), followed by a hot and humid summer (June to August) with an average daily temperature of 35°C (2) . Typically, ZC symptoms develop in potato fields in this region around March to May, after which the disease becomes rare (J. E. Munyaneza, personal observations).
Moreover, weather conditions, particularly temperature, have been reported to play an important role in the biology, migrations, and damage potential of B. cockerelli, the vector of 'Ca. L. solanacearum' in the Americas and New Zealand. This insect is native to North America and overwinters in desert areas along the border between the southwestern United States and Mexico (20, 21, 31, 39) . It has widely been reported that the potato psyllid is adapted for warm, but not extreme hot weather (5, 31, 39) . Cool and warm weather during potato psyllid migrations, or at least the absence of highly elevated temperatures (35°C and above), has been associated with outbreaks of this insect (7) . With the arrival of excessive hot weather and desiccation of winter hosts and depending on wind patterns, the potato psyllid migrates to northerly regions west of the Mississippi River, up north to several of the western Canadian provinces. In southern Texas, the potato psyllid population declines toward mid-May (26), probably due to increasing high temperatures and the insect migrations to cooler regions in the north. Optimum potato psyllid development has been estimated to occur at approximately 27°C, whereas oviposition, hatching, development, and survival are retarded or reduced at 32°C and cease at 35°C and higher; a single generation may be completed in 3 to 5 weeks depending on temperature conditions (1, 7, 17, 31, 39) . It has also been reported that high relative humidity is favorable to potato psyllid survival (31) . Similarly, results of our study indicate that these temperatures are also favorable to 'Ca. L. solanacearum' and ZC symptom development, suggesting a co-evolution between this liberibacter species and its insect host as to their sensitivity to heat and relative humidity.
Furthermore, temperature appears to have an effect on liberibacter transmission to potato by the potato psyllid. Results of our study indicated that temperatures as low as 12°C did not prevent potato plant inoculation with 'Ca. L. solanacearum' by the potato psyllid and all the potato plants inoculated at daily temperature regimes of 12 to 17°C and 25 to 30°C developed ZC symptoms in 2.5 to 3 weeks (Table 2 ). In contrast, liberibacter inoculation was significantly affected at a high daily temperature regime of 33 to 37°C, with only a third of the plants exposed to psyllids developing ZC symptoms; however, disease incubation period was close to that at the optimum daily temperature regime of 25 to 30°C and not significantly different from the daily temperature regime of 12 to 17°C (Table 2) . It is not clear whether this high temperature had a detrimental effect on the bacterium survival during the 3-day plant exposure to liberibacter-infective psyllids or interfered with feeding of these insects. Further studies on liberibacter transmission to potato by the potato psyllid or its feeding behavior under different temperature conditions using electrical penetration graph (EPG) (3, 38) could help elucidate the impact of temperature on liberibacter transmission to potato by this potato insect pest.
During the current study, only conventional PCR was used to confirm presence or absence of 'Ca. L. solanacearum' in both symptomatic and asymptomatic potato plants at the end of the experiments. Further studies are underway to determine multiplication progress of this liberibacter species by quantifying its titer in inoculated and maintained potato plants over time with real-time PCR. These studies require destructively sampling the test plants, as it has been shown that 'Ca. L. solanacearum' titer significantly varies in the different parts of potato plants (13, 40) .
In summary, results of the present study indicated that temperature is an important element in the development of both ZC disease and its putative causal agent 'Ca. L. solanacearum'. Temperatures below 17°C appear to retard the development of the bacterium and the disease symptoms, whereas temperatures above 32°C are detrimental to this liberibacter species. Similarly to 'Ca. L. africanus' and 'Ca. L. americanus' and unlike 'Ca. L. asiaticus' (4, 18) , 'Ca. L. solanacearum' appears heat sensitive. It is also well documented that temperature has a significant impact on the biology and migrations of the potato psyllid, suggesting a co-evolution between 'Ca. L. solanacearum' and its insect vector. This sensitivity of this bacterium species and its insect vector to temperature may partially explain incidence, severity, and distribution of ZC disease in affected regions.
